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ABSTRACT

Automatic milking systems (AMS) offer relief from
the demanding routine of milking. Although many AMS
are in use in Europe and a few are used in the United
States, the potential benefit for American farms is un-
certain. A farm-simulation model was used to deter-
mine the long-term, whole-farm effect of implementing
AMS on farm sizes of 30 to 270 cows. Highest farm net
return to management and unpaid factors was when
AMS were used at maximal milking capacity. Adding
stalls to increase milking frequency and possibly in-
crease production generally did not improve net return.
Compared with new traditional milking systems, the
greatest potential economic benefit was a single-stall
AMS on a farm size of 60 cows at a moderate milk
production level (8600 kg/cow). On other farm sizes
using single-stall type robotic units, losses in annual
net return of $0 to $300/cow were projected, with the
greatest losses on larger farms and at high milk produc-
tion (10,900 kg/cow). Systems with one robot serving
multiple stalls provided a greater net return than sin-
gle-stall systems, and this net return was competitive
with traditional parlors for 50- to 130-cow farm sizes.
The potential benefit of AMS was improved by $100/
cow per year if the AMS increased production an addi-
tional 5%. A 20% reduction in initial equipment cost or
doubling milking labor cost also improved annual net
return of an AMS by up to $100/cow. Annual net return
was reduced by $110/cow, though, if the economic life
of the AMS was reduced by 3 yr for a more rapid depreci-
ation than that normally used with traditional milking
systems. Thus, under current assumptions, the eco-
nomic return for an AMS was similar to that of new
parlor systems on smaller farms when the milking ca-
pacity of the AMS was well matched to herd size and
milk production level.
(Key words: robotic milking, farm simulation, econom-
ics, DAFOSYM)
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Abbreviation key: AMS = automatic milking system
(s), DAFOSYM = Dairy Forage System Model, 2× =
twice daily milking frequency, 3× = three times a day
milking frequency, 2.5× = an average 2.5 times a day
milking frequency.

INTRODUCTION

On smaller dairy farms, milking is a time-consuming
and demanding chore that is often done by the farm
family. When hired labor is used, it is often difficult to
maintain due to the competition from other employ-
ment opportunities with greater pay and benefits. Auto-
matic milking systems (AMS) offer a method for reliev-
ing the farmer from this labor-intensive routine (Rein-
emann and Smith, 2001). Although future
improvements will be made, this technology is now well
developed for use on commercial farms. In Europe, at
least 1000 farms are using automatic milking, and sev-
eral units are operating on Canadian farms (de Koning
et al., 2002). This technology is used experimentally on
a few farms in the United States awaiting approval by
government regulatory agencies.

Automatic milking systems offer two major advan-
tages. The first is a reduction in labor for milking. When
automatic milking replaces hired labor, an annual sav-
ings of up to $200/cow may be obtained (Dijkhuizen et
al., 1997). When the farm owner’s labor is replaced,
realized savings are less tangible but likely more valu-
able. Use of automatic milking can free time for farm
management, family, and recreational activities. A sec-
ond potential benefit is increased milk production. Au-
tomatic milking systems normally allow cows to be
milked up to three times each day (3×), which can in-
crease milk production from 3 to 11% over the common
twice a day milking (2×) strategy (de Koning et al.,
2002; Baines, 2002).

Automatic milking systems also have disadvantages.
A primary disadvantage is that they require a large
initial investment. For a given herd, the initial equip-
ment cost is often two to three times that required for
a traditional milking parlor. Another potential disad-
vantage is in milk quality (Klungel et al., 2000). With
an increase in production through more frequent milk-
ing, the milk fat concentration is slightly lower than
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that obtained with traditional twice daily milking
(Klungel et al., 2000; Shoshani and Chaffer, 2002). Fur-
thermore, more feed must be consumed to meet the
greater production, thus raising feed costs. Bacteria
counts in milk can be higher due to a greater opportu-
nity for microorganisms to enter and multiply during
the milking process. However, with improvements in
animal management, udder washing, and milk precool-
ing, bacteria levels similar to traditional parlor systems
can be attained (Baines, 2002; Rasmussen et al., 2002).

Automatic milking systems appear most feasible for
smaller dairy farms commonly found in the northeast-
ern and upper Midwestern states (Reinemann and
Smith, 2001). Many of these farms are expanding to
combat low milk prices and decreasing farm profit. With
this expansion, either more labor or more efficient use
of labor is required. In addition, aging facilities must be
improved or expanded. Facing these challenges, AMS
provides an alternative to traditional milking parlors
and hired labor.

A deterrent to the adoption of AMS is a lack of knowl-
edge on the whole-farm impacts, particularly economic
impacts, of implementing this technology. The adoption
of AMS affects the investment in facilities and equip-
ment, milk production, feed use, energy use, and labor
requirements. A whole-farm simulation model such as
the Dairy Forage System Model (DAFOSYM) provides
a useful tool for integrating these effects and evaluating
the impact of these changes before they are imple-
mented on a real farm. This model was previously used
to evaluate the feasibility of using an AMS on an actual
farm in southern Pennsylvania (Rotz et al., 2001). The
use of high-producing animals and a proper match of
the capacity of the milking system to the number of
animals were reported as important factors affecting
the potential economic benefit of this new technology.

Previous studies have evaluated the economic feasi-
bility of AMS compared with traditional milking sys-
tems. Breakeven analyses show that the investment
and operating costs over the life of an AMS can be
comparable to those of traditional milking systems, but
this comparison is dependent on the assumptions of
the analysis (Dijkhuizen et al., 1997; Hyde and Engel,
2002). Important considerations include milking labor
costs, herd milk production, and the life of the equip-
ment. A breakeven analysis provides a good tool for
assessing the economic feasibility of alternative milk-
ing systems, but this approach simplifies the interac-
tions with other parts of the farm.

This study was developed to evaluate the interaction
of AMS use with farm size and animal production level.
The objective was to compare long-term farm profit-
ability using new traditional and automatic milking
systems on farm sizes of 30 to 270 cows at moderate
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and high production levels. A whole-farm approach was
used that included the effect on milk production, milk
quality, feed use, and any resulting environmental im-
pacts from manure nutrient cycling.

MATERIALS AND METHODS

Production systems were compared using the dairy
option of the integrated farm system model. This whole-
farm simulation model is an expanded version of DAFO-
SYM that includes beef and crop farming options. Crop
production, feed use, and the return of manure nutri-
ents to the land are simulated over many weather years
(Rotz et al., 1999b; Rotz and Coiner, 2002). Growth and
development of alfalfa, grass, corn, soybean, and small
grain crops are predicted from daily soil and weather
conditions. Tillage, planting, harvest, and storage oper-
ations are simulated to predict resource use, timeliness
of operations, crop losses, and nutritive changes in
feeds. Feed allocation and animal response are related
to the nutritive value of available feeds and the nutrient
requirements of the animal groups making up the dairy
herd (Rotz et al., 1999a). Nutrient flows through the
farm predict potential nutrient accumulation and loss
to the environment (Rotz et al., 1999b).

Simulated performance is used to determine produc-
tion costs, income, and farm net return for each weather
year. A whole-farm budget is used in which investments
in equipment and structures are amortized over their
economic life considering a real rate of return. Annual
resource requirements and produce predicted by the
model are used to determine annual operating expendi-
tures and incomes (Rotz and Coiner, 2002). The annual
net return to management and unpaid factors is deter-
mined as the sum of the incomes from the sale of milk,
animals, and excess feed minus operating costs for ani-
mal maintenance, milking and feeding, feed production,
and manure handling. By simulating and comparing
production options, the long-term economic and envi-
ronmental effects of production changes are measured.

Farm Description

The impact of milking system type was evaluated for
confinement dairy farms ranging in size from 30 to 270
(lactating and dry) Holstein cows in increments of 10
cows. Farms were simulated over 25 yr (1974 through
1998) of State College, Pennsylvania, weather. Farm-
land area was set to provide all of the forage and some of
the grain required to feed the herd during most weather
years. With a loam soil of medium depth, the required
cropland was 0.81 ha per cow divided equally between
alfalfa and corn production. Both crops were primarily
harvested as silage, with remaining corn harvested as
dry grain.
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Table 1. Economic parameters and prices assumed for various system inputs and outputs for the analysis
of the representative dairy farms.

Parameter Value ($)1 Parameter Value ($)

Initial cost of animal facilities Buying price of feeds
Free-stall barn $1000/cow Corn $125/t DM
Heifer housing $620/heifer Soybean meal $310t DM
Commodity shed $70/cow Protein mix $330/t DM

Custom costs Mineral vitamin mix $350/t DM
Tillage and planting $120/ha Vegetable oil $440/t DM
Mowing $28/ha Labor wage rate $9.00/h
Raking $16/ha Mailbox milk price $0.29/kg
Silage harvest & silo fill $7.20/t Total of livestock expenses $238/cow/yr
Grain harvest $61.80/ha Bovine somatotropin $120/cow/yr
Manure spreading $70/h Economic life

Annual cost of seed and chemicals Structures 20 yr
New alfalfa $200/ha Equipment 10 yr
Established alfalfa $15/ha Salvage value
Corn following corn $165/ha Structures 0%
Corn following other crop $135/ha Equipment 30%

Property tax rate 2.3%
Real interest rate 6.0%/yr

1Prices represent long-term averages in current value, which are not necessarily current market prices.

All field operations were simulated through time, con-
sidering the interactions with other farm operations.
For this analysis though, the cost of performing the
operations was set using custom or contract charges for
this region (Table 1; Shimmin and Stout, 2002). This
assumption allowed a smoother transition in feed pro-
duction costs across farm sizes. Annual custom costs
were similar to the annual costs predicted by the model
for owning and operating equipment. Equipment owned
by the farmer included a mobile feed mixer, a tractor
to operate the mixer, and loaders for feeding and ma-
nure scraping.

Facilities on the farm included a machine shed and
shop, feed storage, and animal housing. The initial cost
of the machine shed was set at $1000 × the number of
cows on the farm up to a maximum of $100,000. Silage
was stored in bunker silos. Equally sized silos were
used for corn and alfalfa silage, with a total capacity
of about 6.1 tonne DM/cow. Silo costs dropped from
$200 to $100/tonne DM of storage capacity with increas-
ing silo size. Animals were housed in free-stall barns
sized according to the number of animals (Table 1). For
farms with 100 or more cows, purchased feeds were
stored in a commodity shed, but on smaller farms a
low-cost storage for premix was used (Table 1).

The dairy herd included heifers raised on the farm.
The culling rate for all herd sizes was set at 35%, which
established the number of replacement heifers re-
quired. A few additional heifers were raised to allow
for culling decisions and mortality. All animals were
fed TMR. Manure was stored in a lined pit with a 6-
mo storage capacity. All manure was utilized on the
crops grown, with 80% applied to corn land. The manure
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was surface applied and incorporated by tillage soon
after application.

All prices were held constant across simulated years
and set to reflect long-term average values in current
dollars (Table 1). Constant prices assured that economic
differences among years were solely due to weather
effects on farm performance. Equipment and facility
investments were amortized using a real interest or
discount rate (approximately nominal rate minus in-
flation) of 6% per year. Property tax was charged at
2.3% of the estimated assessed value of property. Prop-
erty included all buildings on each farm but not the
milking equipment. The wage rate for all labor required
on the farm was set at $9/h. Operating costs included
annual livestock expenses of $238/cow, which consisted
of veterinary, breeding, animal supplies, utilities, ani-
mal registration, and similar annual costs. Tax incen-
tives or other government contributions were not con-
sidered in the economic analysis.

Primary Analysis

Simulations were used to compare traditional and
automatic milking systems on each farm size at two
milk production levels. Milk production with 2× milking
was set at 8600 kg/cow (moderate) or 10,900 kg/cow
(high). To maintain the moderate production level, ani-
mals were fed farm-grown forage, corn grain, soybean
meal, and a protein mix with low rumen degradability.
For the high production level, dietary changes included
vegetable oil to increase the energy content of the diet,
and the animals were treated with bST at an annual
cost of $120/cow. Although bST use was assumed, this
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Table 2. Economic parameters assumed for milking equipment and structures.

Traditional parlor Automatic milking

Structure Equipment Structure Equipment

Purchase and installation price ($1000/stall) 6.0 to 7.81 9.0 to 102 17 175 to 603

Economic life (yr) 20 10 20 10
Salvage value (% of purchase price) 0 10 0 10
Insurance (% of purchase price) 0.5 0.5 0.5 0.5
Repair and maintenance (% of purchase price) 0.5 3.0 0.5 4.24

Milking and handling labor (min/cow per day)5 3 to 46 2.0

1Structure costs decreased from $7800/stall for a double-six parlor to $6050/stall for a double-ten parlor
with a cost of $2400/stall for a stanchion barn.

2Equipment costs decreased from $10,000/stall for a double-six parlor to $9000/stall for a double-ten parlor
with a cost of $1200/stall for pipeline milking. Initial parlor cost was increased $5000/stall to represent a
high cost parlor.

3Equipment costs decreased from $175,000 for the first stall to $158,000 for additional single-stall units
or $60,000 for additional stalls in a multiple-stall AMS.

4An annual repair and maintenance cost for the automatic system of $700 plus 4.2% of the purchase price
included a long-term service contract plus 2% per year for additional repairs.

5Milking and handling labor included the milking operation plus time spent with animals for observation,
reproduction, and health reasons.

6Daily labor varied from 3 min/cow for the 270-cow farm to 4 min/cow for 60 cows with 5 to 6 min/cow
in a stanchion barn. This requirement was increased 40% for 3× milking.

production strategy represents any management
change or genetic improvement to allow this higher
production. Use of bST may be more cumbersome with
an AMS, because cows are not all constrained at the
same time to allow easy application of the treatment.

A milking frequency of 3× was also considered. With
3× milking in a parlor, milk production was increased
by 12% over 2× (Campos et al., 1994; Speicher et al.,
1994; Armstrong, 1997), and milk fat and protein con-
tents were decreased by 0.14 and 0.06 percentage units,
respectively (Speicher et al., 1994). To reflect this de-
crease in milk solids content, the average milk price of
$0.29/kg was reduced 2% to a price of $0.284/kg.

Traditional milking systems were selected of an ap-
propriate type and size for the herd. For herds of 50
cows and under, a stall barn and pipeline system was
assumed. For farms of 60 to 150 cows, parlors were
sized to allow each milking to be completed within 2 h.
This time constraint was relaxed on larger farms, where
hired labor was more likely to be used for milking.
Parlor sizes were a double six for 60 to 100 cows, a
double eight for 110 to 190 cows, and a double 10 for
200 to 270 cows (Knoblauch and Galton, 1992). The
initial cost, efficiency, and labor requirement were first
set to reflect a moderate cost parlor (Table 2). Automatic
detachers were used, but milk recording and other mon-
itoring equipment were not included. A higher cost par-
lor was then considered that included production moni-
toring similar to that obtained with an AMS. To repre-
sent this technology, the initial cost of the parlor
equipment was increased by $5000/stall. Labor require-
ments, which included time spent with animals for re-
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production and health purposes, varied with herd size
and the type of milking equipment used (Table 2). Par-
lor structures were sized and priced to include milking,
milk storage, equipment, office, and animal holding ar-
eas (Table 2).

Each farm size was then simulated using both single-
stall and multiple-stall AMS. In single-stall systems,
each milking stall has a robot to perform the milking
functions. In multiple-stall systems, a single robot
serves up to four milking stalls. The robot moves on a
track to attach individual milking units in each stall.
Single-stall units are more expensive when more than
one stall is required, but they provide a greater milking
capacity. With a robot at each stall, the robot is always
available for attaching the milking unit when the cow
enters. In a multiple-stall AMS, a cow may wait in a
milking stall while the robot is servicing another stall,
thus reducing the milking capacity per stall. Because
the robot is shared across multiple stalls though, the
initial cost per stall is less.

The number of AMS stalls was set to meet the re-
quired capacity at each farm size. Capacity of a single-
stall AMS was the available time divided by the milking
time per animal. Available time was set at 20 h per
day to allow 4 h for cleaning, maintenance, and other
down periods. The units were assumed to be occupied
80% of this 20-h period (Ipema, 1997) providing 16 h/
d of actual operating time. Time required to milk each
animal was the milking time (daily production divided
by milk removal rate) plus a preparation time of 2.0
min/cow per milking (Ipema, 1997; de Koning and
Ouweltjes, 2001). Milk removal rate increased with the
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amount of milk obtained per milking from a low of 1.8
kg/min at 9 kg/milking to 3.2 kg/min at 25 kg/milking
(Mein and Reid, 1996; de Koning and Ouweltjes, 2001).

The capacity of a single-stall AMS was determined
for milking frequencies from 3.0 to 2.5× per day. Unit
capacities for 3× milking at moderate and high produc-
tion levels were 52 and 48 cows, respectively. This ca-
pacity represented the whole herd, which included ap-
proximately 15% dry cows at any point in time. As
farm size increased, the throughput capacity of an AMS
became limiting. When this occurred, the milking fre-
quency was allowed to decrease to a herd average of
2.5 milkings per day (2.5×). This gave maximum herd
sizes of 60 and 55 cows per milking unit at the moderate
and high production levels, respectively. After this limit
was reached, another milking unit was added that pro-
vided a 3× milking frequency at the next step in farm
size.

Milking capacity of a multiple-stall AMS is more dif-
ficult to assess. Milk removal time is less important,
and the idle time waiting on the robot becomes a major
consideration. Cleaning and preparation time are nor-
mally done in a separate stall to allow the robot to
spend more time attaching milking units. Capacities of
60, 100, 130, and 150 cows were assumed for units
serving 1, 2, 3, or 4 stalls, respectively, at the moderate
milk production level (Sonck and Donkers, 1995; de
Koning et al., 2002). At the higher production level,
capacities were reduced 3%.

Milk production attained is an important consider-
ation in the analysis of an AMS. Although available
information is inconsistent, there is good support that
production will increase with automatic milking due to
an increased milking frequency. However, this increase
will not be as large as that attained by increasing the
milking frequency in a traditional parlor due to more
irregular periods between milking events. Reported
production increases vary from 0 to 11% (de Koning et
al., 2002; Baines, 2002; Shoshani and Chaffer, 2002;
Wirtz et al., 2002). Considering this range, we assumed
a maximum herd-average increase of 5%. Thus, when
the milking system capacity allowed a 3× or greater
milking frequency, herd milk production was set 5%
greater than that for 2× milking in a traditional parlor.
This increase was assumed to decrease in proportion
to the milking frequency with no increase at 2.5×, i.e.,
there was a 1 percentage unit production increase for
each 0.1-incremental increase in the average milking
frequency above 2.5×. For example, at the moderate
production level on the 120-cow farm either two or three
single-stall units could be used. Two units only margin-
ally met the capacity required for this herd, so milking
frequency was limited to 2.5×, and milk production was
equal to that of a 2× frequency in a parlor. With three
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units, there was excess capacity allowing at least three
milkings per day and a 5% increase in production.

Use of automatic milking has consistently shown a
decrease in milk fat concentration of about 0.2 percent-
age units (Wirtz et al., 2002; Shoshani and Chaffer,
2002; Wangler et al., 2002). In our analysis, this was
reflected by a 2% decrease in mailbox milk price, when
a 5% increase in milk production was maintained. This
difference in milk price was decreased to zero as the
increase in milk production attained with automatic
milking decreased to zero.

Automatic milking may also increase electricity use
on dairy farms. Limited available information indicated
that the total electrical requirement for milking and
cleaning with an AMS was normally between 400 and
600 kwh/cow per year (Rasmussen and Rasmussen,
2002). A comparison to values of 250 to 400 kwh/cow
per year reported for traditional parlors (Brooks, 1989;
McFate, 1989) implied some increase. We assumed that
when a 3× milking frequency was maintained with a
single-stall AMS, electrical use increased by 190 kwh/
cow per year at an annual cost of $15/cow. With a 2.5×
milking frequency, this added cost was reduced to $10/
cow. To reflect greater electrical use in a multiple-stall
AMS (Artmann and Bohlsen, 2001) electrical cost was
increased by $20/cow for these systems.

The initial cost and other economic parameters for
the AMS units are given in Table 2. Structure cost with
an AMS represents a new facility for the milking units
or the renovation of an existing facility.

Sensitivity Analysis

A number of assumptions were made to support this
analysis that affect the difference between automatic
and traditional milking systems. These included the
increase in milk production received with automatic
milking, the capacity of the AMS, the initial cost, eco-
nomic life, and repair and maintenance cost of the AMS
equipment, labor and electrical requirements, the value
of labor, and milk price. The sensitivity of the analysis
to each assumption was evaluated by independently
changing the appropriate parameters to determine the
resulting change in net return relative to the traditional
system. These effects sometimes varied across farm
sizes; however, only the 120-cow farm was reported
with comments regarding the effects on other farms.
The AMS in these analyses was the single-stall type.

Although increased milk production appears proba-
ble with the adoption of an AMS, this increase is not
consistently reported (de Koning et al., 2002; Baines,
2002; Shoshani and Chaffer, 2002; Wirtz et al., 2002).
To determine this effect, automatic systems were ana-
lyzed considering 0 and 10% increases in production
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relative to a 2× frequency with traditional systems. No
increase in production represents a very conservative
assessment in which the only benefit of AMS is labor
saving. A 10% increase is representative of the largest
reported increases in production. This was modeled as
a 10% increase when the capacity allowed a 3× milking
frequency and a 5% increase at a 2.5× frequency.

Milking capacity of an AMS can vary greatly with
barn design and cow management. This effect was stud-
ied by increasing the capacity by 10%. This was equiva-
lent to allowing 1.6 more hours per day of operating
time, which increased the capacity of a single-stall AMS
by five to six cows per day. The effect of this change
varied across farms. On farm sizes where the AMS was
already oversized, this change had no effect unless it
allowed the removal of a milking stall. On farms where
capacity was limiting milking frequency, this increase
allowed greater frequency and thus greater milk pro-
duction.

The initial cost of this new technology may decrease
with further development and greater sales. This effect
was determined by reducing the initial equipment cost
by 10 and 20%. The economic life of this new technology
is also uncertain. Assuming a life equal to that of the
traditional system (10 yr) may be optimistic. To deter-
mine this effect, depreciation of the AMS equipment
was reduced to 7 yr, a life assumed in previous studies
(Dijkhuizen et al., 1997; Rotz et al., 2001; Hyde and
Engel, 2002). Repair and maintenance of the AMS rep-
resents a substantial annual cost to the producer, so
the benefit of reducing this annual cost by 20% was
determined. The effect of electrical requirement was
evaluated by increasing the annual electrical use of the
AMS by an additional 20% or 100 kwh/cow.

Labor requirement and cost are important considera-
tions for an AMS. Labor required for maintaining cur-
rent AMS equipment is substantial. Improving the re-
liability and efficiency of this equipment may reduce
this requirement in the future. This effect was deter-
mined by reducing the labor for milking and animal
handling with an AMS by 20% (to 1.6 min/cow per day).
Effect of labor cost was first determined by increasing
the wage of milking labor by 20% to represent a slightly
higher cost. Labor cost was then doubled to reflect a
much higher value to this labor, which may be justified
if the farm manager supplies most of the milking labor.

The final consideration was milk price. Milk price
has been somewhat unstable, with a general decline in
the real (inflation adjusted) price in recent years. This
effect was determined by assuming a 10% decrease in
mailbox price relative to all other price assumptions.

RESULTS AND DISCUSSION

Long-term differences in farm performance and eco-
nomics due to milking system and frequency are quanti-
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fied in the simulation results. The important results to
consider are the comparisons among simulated strate-
gies, not the absolute values generated for a particular
strategy or farm. These relative differences provide a
meaningful evaluation of the effects of system changes.

Milking Systems on a 120-Cow Farm

Whole-farm effects of seven milking strategies were
extensively evaluated on a 120-cow farm for herds at
moderate and high milk production levels (Table 3). At
the moderate production level, a moderate cost parlor
was compared to two options with AMS. With a 2×
milking frequency in the parlor, the herd maintained
an annual production level of 8600 kg/cow. Average
annual feed use, farm nutrient balance, production
costs, and the net return for this production system are
shown in column 1 of Table 3.

When the traditional parlor was replaced with an
AMS using two single-stall milking units, the milking
capacity was marginal for this farm size, providing an
average milking frequency of 2.5×. Milk production was
the same as that of the traditional parlor, so feed use,
farm nutrient balance, and most production costs were
also similar (column 2 vs. column 1, Table 3). Annu-
alized milking equipment costs more than doubled,
along with a 17% reduction in the facility cost and a
46% reduction in the labor cost for milking and animal
handling. Together, these cost changes provided an av-
erage annual net return that was $156/cow less than
that of the traditional parlor system. Compared with
the net return for this farm using the higher cost tradi-
tional parlor ($513/cow, data not shown), the two-stall
AMS provided 10% less return.

Adding another AMS unit provided sufficient capac-
ity for a 3× milking frequency. To obtain the resulting
5% increase in milk production, forage use and the pur-
chase of supplemental feeds increased (column 3, Table
3). This led to greater manure excretion, slightly
greater nitrogen losses, and a small accumulation of
excess soil phosphorus. The annual milking equipment
cost increased by an additional $231/cow along with
some minor production cost increases due to greater
feed use and manure production. Greater milk sales,
along with a 2% lower milk price, increased farm income
by $62/cow. The net return of $258/cow was less than
that attained with either the parlor system or an AMS
using two milking stalls. Thus, the increased produc-
tion obtained through a greater milking frequency did
not justify the added investment of another AMS unit.

At the high milk production level, two traditional
parlor scenarios were compared to AMS. The first parlor
system was the moderate cost double-eight parlor with
a 2× milking frequency. Milk production level was in-



OUR INDUSTRY TODAY 4173

Table 3. Effect of milking equipment and production level on annual feed production, feed use, nutrient balance, production costs, and the
net return to management and unpaid factors for a 120-cow dairy farm.1

Medium production2 High production3

AMS-S5 Parlor6

Parlor4 AMS-S5 AMS-M5

Production or cost parameter 2× 2.5× 3× 2× 3× 3× 2.8×

Silage production, tonne DM 739 739 739 739 739 739 739
Corn grain production, tonne DM 151 151 151 151 151 151 151
Forage sold, tonne DM 103 103 92 49 15 33 39
Corn grain purchased, tonne DM 220 220 233 248 283 264 258
Protein and minerals purchased, tonne DM 55 55 56 76 79 78 78
Vegetable oil purchased, tonne 0 0 0 12 12 12 12
Milk production, kg/cow 8600 8600 9030 10,900 12,200 11,445 11,230
Nitrogen lost by volatilization, kg/ha 67 67 68 76 80 78 77
Nitrogen lost by leaching, kg/ha 29 29 30 35 38 36 36
Nitrogen lost by denitrification, kg/ha 11 11 12 14 15 14 14
Phosphorus accumulation, kg/ha 1 1 2 4 5 5 4
Potassium accumulation, kg/ha 0 0 0 4 11 7 6
Feed production cost, $/cow 622 622 624 629 634 631 630
Manure handling cost, $/cow 185 185 186 190 192 191 191
Animal facility cost, $/cow 239 198 214 239 239 214 214
Milking equipment cost, $/cow 207 491 722 207 207 722 438
Milking and animal labor cost, $/cow 205 110 110 205 287 110 110
Purchased feed and bedding cost, $/cow 471 471 486 606 663 632 622
Livestock expenses, $/cow 238 248 253 358 368 373 378
Property tax, $/cow 45 43 43 45 45 43 43
Total production cost, $/cow 2212 2368 2638 2479 2635 2916 2626
Milk, feed and animal sale income, $/cow 2834 2834 2896 3458 3698 3538 3507
Net return to management, $/cow 622 466 258 979 1063 622 881
Standard deviation in net returns, $/cow 54 54 54 56 59 57 57

1120 mature cows and 91 replacement heifers on 97 ha in alfalfa and corn simulated over 25 yr of State College, Pennsylvania weather.
2Milk production of 8600 kg per cow with two times a day milking.
3Milk production of 10,900 kg per cow with two times a day milking.
4Moderate cost, double eight parlor with two times a day milking.
5Automatic milking using either two single-stall (AMS-S) units for 2.5 times a day milking, three single-stall units with three times a

day milking, or a multiple stall (AMS-M) unit with 2.8 times a day milking.
6Moderate cost, double eight parlor with two or three times a day milking.

creased to 10,900 kg/cow through feeding changes and
other management improvements. Compared to the
same system at a moderate production level, feed use,
nitrogen loss, and excess phosphorus accumulation in-
creased (column 4 vs. column 1, Table 3). Purchased
feed costs and livestock expenses both increased, rai-
sing production costs by $267/cow. Increased income
more than offset these additional costs, increasing the
annual net return by $357/cow.

Next, the same parlor system was simulated with a
3× milking frequency. This further increased feed use,
milk production, nutrient loads, and production costs
(column 5 vs. column 4, Table 3). The increased milk
sales offset increased production costs providing an $84/
cow increase in annual net return.

Use of an AMS to attain the 3× milking frequency
was again not economically beneficial for this farm size
(column 6 vs. column 5, Table 3). Because lower milk
production was maintained compared with the 3× par-
lor system, feed use and production costs were also less.
With three AMS units, annual milking equipment and
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facility costs were $490/cow greater than the moderate-
cost parlor, and annual labor cost was $177/cow less,
leading to a $441/cow lower net return (column 6 vs.
column 5, Table 3). Using a multiple-stall system with
one robot servicing three stalls reduced the annual
milking equipment cost by $284/cow. This system con-
strained milking frequency a small amount, which af-
fected feed use and milk production. Annual net return
was increased by $259/cow compared with three single-
stall units, but this return was still less than that at-
tained with a moderate-cost traditional parlor (column
7, Table 3). Compared with an annual net return of
$870/cow with the high-cost parlor and 2× milking fre-
quency (data not shown), the multiple-stall system pro-
vided a small economic benefit.

The preceding simulations illustrate for this particu-
lar farm and the current AMS equipment cost that this
new technology can provide farm net returns ap-
proaching that of traditional parlors only when the ca-
pacity of the AMS is used at its maximum. Adding
another milking stall to attain a greater milking fre-
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Figure 1. Annual net return to management and unpaid factors
for farms with 30 to 270 cows at a moderate milk production level
(8600 to 9000 kg/cow per year) as influenced by milking system.
Traditional systems represent a range in initial cost where higher
cost technology includes recording of production information similar
to that obtained from automatic milking systems.

quency and increased milk production caused a sub-
stantial loss in annual net return unless this stall
shared a milking robot with another stall. If greater
milk production is attained through a greater milking
frequency with either a parlor or AMS, feed use must
also increase. Increased feed use leads to greater ma-
nure production, which, depending upon animal density
and other management characteristics, likely leads to
small increases in nutrient loads on the farm and
greater nutrient loss to the environment.

Milking Systems over a Range in Farm Size

The whole-farm net return varies considerably over
the range in farm size of 30 to 270 cows. At a moderate
production level along with the other assumptions in
farm design, a moderate-cost traditional system with
a 2× milking frequency provided an annual net return
from $75/cow, with 30 cows up to $925/cow with 270
cows (Figure 1). With the higher cost parlor technology,
the annual net return was reduced about $100/cow
across all farm sizes. The economic comparison of auto-
matic to traditional milking systems also varied with
farm size. The incremental increases in milking system
capacity created an uneven relationship between net
return and farm size. This was true for all milking
systems, but particularly for the single-stall type AMS.
When AMS capacity was well matched to herd size, net
return was higher and more competitive with that of
the traditional system on small farms.

For herd sizes of 30 to 40 cows, an AMS was not
economical. The low net return on these herd sizes oc-
curred because the high investment in milking equip-
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ment was underutilized. At 50- to 60-cow farm sizes, a
single AMS unit was better utilized, providing an equal
or greater return than traditional milking systems. At
50 cows, milking capacity was sufficient to allow 3× and
greater milking frequencies. With a 60-cow herd size,
one AMS unit was operating near its maximum capacity
providing a 2.5× milking frequency. Under our assump-
tions and at this herd size, a greater economic return
was attained using a single unit with a 2.5× milking
frequency than attained with the added investment of
two units and a 3× frequency. In the range of 110 to
120 cows, two single-stall AMS units provided a net
return similar (within $50/cow) to that of a high cost
parlor (Figure 1). The lower investment in a multiple-
stall AMS led to a higher net return that was competi-
tive with traditional parlors on farm sizes of 50 to
130 cows.

For herds of more than 120 cows, traditional parlors
were more labor efficient, and the initial investment
per animal was less. Therefore, on these farms, the
high investment and reduced labor saving of an AMS
did not provide a net return that exceeded that of tradi-
tional parlors. Across farm sizes of 130 to 270 cows, the
annual net return of single-stall AMS systems was $175
to $275/cow less than that using the higher cost tradi-
tional parlors (Figure 1). This economic difference was
least at farm sizes around 180 and 240 cows, where
animal numbers were well matched to the maximum
capacity of the AMS. Multiple-stall systems provided
more flexibility in matching a lower cost AMS with
all herd sizes across this range. Thus, there was less
variation in farm net return across farm sizes, and the
net return was within $200/cow of that attained with
high cost parlor systems (Figure 1).

At the high milk production level, the net return per
cow was considerably greater for all farm sizes and
milking systems. This 26% increase in production in-
creased net return by about $350/cow across all farm
sizes (Figure 2 vs. 1). An economic comparison of milk-
ing systems at this production level showed AMS to be
slightly less economical. Only at the 50-cow farm size
were the net returns similar between single-stall AMS
and traditional systems. In the range of 90 to 110 cows,
the capacity of two AMS units was well utilized, provid-
ing a net return within $100/cow of that attained with
high cost parlors. A multiple-stall AMS was again able
to remain economically competitive with higher cost
parlors over the range of 50- to 130-cow farm sizes
(Figure 2).

With herd sizes of 120 cows or more, the net return
using single-stall AMS was $200 to $325/cow less than
that of traditional parlor systems (Figure 2). Multiple-
stall systems provided a greater net return, but this
return remained below that of traditional parlors. The
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Figure 2. Annual net return to management and unpaid factors
for farms with 30 to 270 cows at a high milk production level (10,900 to
11,400 kg/cow per year) as influenced by milking system. Traditional
systems represent a range in initial cost where higher cost technology
includes recording of production information similar to that obtained
from automatic milking systems.

greater difference in net return between milking sys-
tems implies that an AMS is slightly less economically
competitive at higher production levels. On these farm
sizes, the increased milking time to obtain the extra
milk reduced the capacity of the AMS units. Thus, the
milking frequency decreased or another milking stall
was added to meet the required capacity. Because the
capacity of traditional parlors was not influenced as
much by the milking time of individual animals, the
net return of parlors was not affected in this way.

Sensitivity Analysis

Increased milk production through more frequent
milking with AMS is not always found on farms. If
this increase cannot be maintained, the net return with
automatic milking at a moderate production level is
reduced by about $50/cow on most farm sizes (Figure
3). However, on farms where the capacity of the AMS
restricted milking frequency to less than 3×, this effect
would be less, with no effect on farms simulated with
a 2.5× frequency (60-, 120-, 180-, and 240-cow farm
sizes). Thus, the most economical farm sizes for AMS
in the primary analysis would not be affected.

Greater production increases than that used in the
primary analysis have also been reported. If up to a 10%
increase in milk production (an additional 5% across all
farm sizes) is maintained, the benefit is an additional
increase in annual net return of about $100/cow (Figure
3). With all other assumptions held the same, this in-
crease would allow the farm profitability with the sin-
gle-stall type AMS to be equal or greater than that of
traditional systems for farm sizes of 50 to 60 and 110
to 120 cows (Figure 1).
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Figure 3. Effect of parameter changes on the annual net return
of automatic milking systems (AMS) relative to traditional milking
systems.

Milking capacity of the AMS can have a major effect
on some farm sizes. On farms such as the 120-cow farm,
where capacity limits milking frequency, an increase
allows a greater milking frequency and increased pro-
duction. This increases annual net return by about $40/
cow. On some other farms, an increase in capacity
allows the herd to be milked with one less stall, but a
lower production level is maintained. This increases
the net return by up to $200/cow. On farms with excess
capacity such as those with 80 to 110 cows, an increase
in capacity has no effect on net return.

As this technology is developed further and as the
market expands, the initial cost may decrease relative
to traditional parlors. Reductions in the initial cost of
the AMS equipment of 10 and 20% increased the annual
net return of these systems by $48 and $97/cow, respec-
tively (Figure 3). Thus, relatively small reductions in
the initial cost can greatly improve the economic return
for using automatic milking, perhaps making it more
competitive with traditional parlors on many farm
sizes. Decreasing the economic life of the AMS though,
greatly reduces its potential benefit. A 3-yr decrease in
the depreciated life decreased the annual net return by
almost $110/cow (Figure 3).

Electrical use and the repair and maintenance cost
of AMS had relatively small economic impacts. A 20%
increase in electricity use reduced the annual net return
with AMS by $10/cow, and a 20% reduction in the repair
and maintenance cost increased net return by $24/cow
(Figure 3).

The requirement and value of labor can also influence
the economic comparisons of milking systems. Reducing
the labor requirement for the AMS by 20% increased
annual net return by $22/cow. Relatively small changes
in the price of labor such as a 20% increase in the
wages paid had a relatively small effect on the economic
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difference between milking systems (Figure 3). Consid-
ering that the farm owner or manager provides much of
the milking labor on many small farms, a much higher
value may be assigned to this labor. Doubling the value
of milking labor ($18/h) reduced the economic difference
between milking systems by $96/cow. Thus, placing a
much higher value on labor can make an AMS more
easily justified.

Milk price had little effect on the long-term difference
in net return among milking systems (Figure 3). A low
price greatly reduced the potential net return, but be-
cause of relatively small differences in milk production,
all milking systems were affected about the same
amount.

Additional Considerations

Adoption of automatic milking may be difficult to
justify for most situations on a purely economic basis.
With efficient parlors and current prices for milking
labor, cows can often be milked at a lower cost and
better net return with traditional milking systems, par-
ticularly on larger farms. Other noneconomic issues will
have more influence on the decision to adopt automatic
milking. These issues include a desire for relief from the
milking routine and an interest in electronic technology
(Meskens et al., 2001; de Koning et al., 2002). Adoption
of an AMS will always require a shift in the way labor
is used. Routine chore labor will be replaced with labor
for equipment and animal management. This shift will
be welcomed by some farm managers and rejected by
others.

Automatic milking may also offer benefits in the
health and well being of the animals, but this potential
benefit is difficult to ascertain. There is not a consensus
on health benefits, and arguments can be made in favor
of or in opposition to automatic milking (Meskens et
al., 2001; Baines, 2002). With automatic milking, cows
set their own milking schedule, which should better fit
a natural pattern of more frequent milking. In a well-
managed AMS, farmers note less stress among cows
and fewer hierarchical battles within the herd. More
frequent milking will allow less stress on the udder,
particularly in early lactation. This reduces udder pres-
sure and stress on udder ligaments and provides more
comfort for the animal, especially when lying. More
frequent milking may also reduce the time for the
growth of mastitis organisms. However, more frequent
and longer milking time may also cause more stress on
teats. This can lead to an increased number of teat end
erosions and eruptions. Because one set of teat cups
serves a greater number of animals on a daily basis,
bacteria may be spread faster from a cow with mastitis
or a high SCC.

Journal of Dairy Science Vol. 86, No. 12, 2003

Healthier animals normally respond better to an
AMS. Good legs and feet will encourage greater mobility
and more frequent visits to the milking and feeding
areas. Regular-shaped udders will also improve milking
efficiency. Some animals will not adapt well to an AMS,
which will increase the culling rate or at least the type
of animals culled (Meskens et al., 2001; de Koning et
al., 2002). If the AMS capacity is undersized (too many
cows per milking unit), younger and weaker cows will
suffer by missing milkings and perhaps visits to the
feeding area.

This analysis was designed for a long-term assess-
ment of automatic milking across farm sizes of 30 to
270 cows with management typical of that found in
the northern United States. The prices assumed should
reflect conditions after a number of milking systems
are established, i.e., current conditions in Europe. Costs
for early adoption in the United States may be higher
than those assumed until the infrastructure is in place
to support the sale and maintenance of the equipment.
This analysis also assumes that the AMS is reliable
enough that a substantial investment in a backup milk-
ing system is not required.

The integrated farm system model can be used to
evaluate a wide range in technologies and management
strategies for dairy farms. With this tool, the simulated
long-term benefits of an AMS can be quickly compared
to other potential farm changes. For those interested
in further analysis and comparison of farm production
systems, a Windows version of the integrated farm sys-
tem model is available from the Internet home page
of the Pasture Systems and Watershed Management
Research Unit (http://pswmru.arsup.psu.edu). The pro-
gram operates on computers that use any Microsoft
Windows operating system. To obtain a copy of the
program, including an integrated help system and ref-
erence manual (Rotz and Coiner, 2002), the home page
can be accessed at the address given, where instructions
for downloading and setting up the program are
provided.

CONCLUSIONS

Automatic milking systems do not offer an economic
benefit for most farm scenarios at this time. They can
be competitive, however, when compared with the in-
vestment in a new traditional milking system on
smaller farms (50 to 120 cows), where herd size is appro-
priately matched to the capacity of the milking system.
On farm sizes above 60 cows, a multiple-stall AMS (one
robot shared across two to four milking stalls), shows
greater potential net return than the use of two or more
single-stall units (one robot per stall). Herd milk pro-
duction level has a small effect on the economic differ-
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ence between traditional and automatic milking sys-
tems with a greater difference at a higher production.
The potential benefit of AMS is improved if a substan-
tial increase in production (5 to 10%) is maintained
through a greater milking frequency with automatic
milking. A reduction in the initial cost of AMS equip-
ment or a large increase in the value of milking labor
can improve the net return of an automatic system
relative to traditional milking systems over all farm
sizes. Farm net return with an AMS is greatly reduced
if the economic life of the AMS is reduced to represent
a more rapid depreciation than normally occurs with
traditional milking systems. This analysis compares
the installation and long-term use of new traditional
and automatic milking systems. Replacement of an ap-
propriately sized and functioning traditional system
with automatic milking will have substantially less po-
tential for economic benefit.

ACKNOWLEDGMENTS

The authors appreciate the guidance received in set-
ting the parameters of this analysis from Jack Roden-
burg, Dairy Production Systems Program, OMAFRA,
Woodstock, Ontario, Canada; Morten D. Rasmussen,
Department of Animal Health and Welfare, Danish In-
stitute of Agricultural Sciences, Denmark; Jeffery A.
Hyde, Department of Agricultural Economics and Rural
Sociology, The Pennsylvania State University; and Rob-
ert E. Graves, Department of Agricultural and Biologi-
cal Engineering, The Pennsylvania State University,
University Park.

REFERENCES

Armstrong, D. V. 1997. Milking frequency. Pages 79–84 in Proc. West-
ern Dairy Management Conference, Las Vegas, NV.

Artmann, R., and E. Bohlsen. 2001. Results from the implementation
of automatic milking system (AMS)—multi-box facilities. Pages
221-231 in Robotic Milking. H. Hogeveen and A. Meijering, eds.
Wageningen Pers, Wageningen, The Netherlands.

Baines, J. 2002. Managing the change to a robotic milking system.
Pages III-9–III-17 in The First North American Conference on
Robotic Milking, Wageningen Pers, Wageningen, The Netherlands.

Brooks, L. A. 1989. Electiric energy management on dairy farms. Pages
93–120 in Energy in World Agriculture. K. L. McFate, ed. Elsevier,
Amsterdam, The Netherlands.

Campos, M. S., C. J. Wilcox, H. H. Head, D. W. Webb, and J. Hayen.
1994. Effects on production of milking three times daily on first
lactation Holsteins and Jerseys in Florida. J. Dairy Sci. 77:770–
773.

Dijkhuizen, A. A., R. B. M. Huirne, S. B. Harsh, and R. W. Gardner.
1997. Economics of robotic application. Computers Electronics
Agric. 17:111–121.

Hyde, J., and P. Engel. 2002. Investing in a robotic milking system:
A Monte Carlo simulation analysis. J. Dairy Sci. 85:2207–2214.

Ipema, A. H. 1997. Integration of robotic milking in dairy housing
systems. Review of cow traffic and milking capacity aspects. Com-
puters Electronics Agric. 17:79–94.

Journal of Dairy Science Vol. 86, No. 12, 2003

Klungel, G. H., B. A. Slaghuis, and H. Hogeveen, 2000. The effect of
the introduction of automatic milking systems on milk quality. J.
Dairy Sci. 83:1998–2003.

Knoblauch, W. A., and D. M. Galton. 1992. Economic considerations
in milking center design. Pages 21–28 in Milking Center Design.
NRAES-66, Northeast Regional Agricultural Engineering Service,
Ithaca, NY.

de Koning, K., and W. Ouweltjes. 2001. Maximizing the milking capac-
ity of an automatic milking system. Pages 38–46 in Robotic Milk-
ing. H. Hogeveen and A. Meijering, eds. Wageningen Pers, Wagen-
ingen, The Netherlands.

de Koning, K., Y. van der Vorst, and A. Meijering. 2002. Automatic
milking experience and development in Europe. Pages I-1–I-11 in
The First North American Conference on Robotic Milking, Wagen-
ingen Pers, Wageningen, The Netherlands.

McFate, K. L. 1989. Electricity used in farmstead operations. Pages
121–142 in Energy in World Agriculture. K. L. McFate, ed. Elsev-
ier, Amsterdam, The Netherlands.

Mein, G., and D. A. Reid. 1996. Milking-time tests and guidelines
for milking units. Pages 235–244 in Proc. 35th Annual Meeting
National Mastitis Council, Madison, WI.

Meskens, L., M. Vandermersch, and E. Mathijs. 2001. Literature re-
view on the determinants and implications of technology adoption.
Deliverable no. 1 of EU project ‘Implications of the introduction of
automatic milking on dairy farms’, work package 1, Socio-economic
aspects of automatic milking. http://www.automaticmilking.nl/
Projectresults/Reports/Deliverable D1.pdf.

Reinemann, D. J., and D. J. Smith. 2001. Evaluation of automatic
milking systems for the United States. Pages 232–238 in Robotic
Milking. H. Hogevee and A. Meijering, eds. Wageningen Pers,
Wageningen, The Netherlands.

Rotz, C. A., and C. U. Coiner. 2002. Integrated Farm System Model:
Reference Manual. USDA Agricultural Research Service, Univer-
sity Park, PA. Available at: http://pswmru.arsup.psu.edu.

Rotz, C. A., C. U. Coiner, and K. J. Soder. 2001. Economics of robotic
milking on a dairy farm in the United States. Pages 115–122 in
Farm Work Science Facing the Challenges of the XXI Century. T.
Juliszewski, ed. Wageningen Pers, Wageningen, The Netherlands.

Rotz, C. A., D. R. Mertens, D. R. Buckmaster, M. S. Allen, and J.
H. Harrison. 1999a. A dairy herd model for use in whole farm
simulations. J. Dairy Sci. 82:2826–2840.

Rotz, C. A., L. D. Satter, D. R. Mertens, and R. E. Muck. 1999b. Feeding
strategy, nitrogen cycling, and profitability of dairy farms. J. Dairy
Sci. 82:2841–2855.

Rasmussen, J. B., and M. D. Rasmussen. 2002. The power consumption
rises with AMS, the water consumption remains the same. Pages
VI-63–VI-65 in The First North American Conference on Robotic
Milking, Wageningen Pers, Wageningen, The Netherlands.

Rasmussen, M. D., M. Bjerring, P. Justesen, and L. Jepsen. 2002. Milk
quality on Danish farms with automatic milking systems. J. Dairy
Sci. 85:2869–2878.

Shimmin, S. W., and E. D. Stout. 2002. Pennsylvania machinery cus-
tom rates 2002. Pennsylvania Agricultural Statistics Service, Har-
risburg.

Shoshani, E., and M. Chaffer. 2002. Robotic milking: A report of a field
trial in Israel. Pages III-56–III-63 in The First North American
Conference on Robotic Milking, Wageningen Pers, Wageningen,
The Netherlands.

Sonck, B. R., and W. J. Donkers. 1995. The milking capacity of a
milking robot. J. Agric. Eng Res. 62:25–38.

Speicher, J. A., H. A. Tucker, R. W. Ashley, E. P. Stanisiewski, J. F.
Boucher, and C. J. Sniffen. 1994. Production responses of cows to
recombinantly derived bovine somatotropin and to frequency of
milking. J. Dairy Sci. 77:2509–2517.

Wangler, A., P. Sanftleben, and O. Weiher. 2002. Milk yield and constit-
uents under conditions of milking systems. Pages V-76–V-79 in The
First North American Conference on Robotic Milking, Wageningen
Pers, Wageningen, The Netherlands.

Wirtz, N., K. Oechtering, E. Tholen, and W. Trappmann. 2002. Com-
parison of an automatic milking system to a conventional milking
parlour. Pages III-50–III-55 in The First North American Confer-
ence on Robotic Milking, Wageningen Pers, Wageningen, The
Netherlands.


